We describe the complete life cycle of the ostracod Euphilomedes nipponica Hiruta, 1976 . This was completed by collecting individuals from the sea once a month over the course of a year and through the parallel rearing of individuals under laboratory conditions. Females developed their first brood in mid-April, with 20-40 first instar offspring being released in early May. Because adult males did not live long, adult females produced subsequent broods without re-exposure to males, producing up to four broods in total by releasing juveniles at 1-month intervals. First instar individuals reached the fourth instar stage in less than 2 months during which time they molted three times. Molting paused at the fourth instar stage; thus, all offspring from the first to fourth broods reached the fourth instar stage by October. All individuals that have reached the fourth instar stage resume molting to the fifth instar stage in mid-January in response to unknown environmental cues, such as photoperiod and water temperature. Adult males appeared in March slightly earlier than females, with females initiating brooding again in April. This detailed information is expected to contribute toward improving our understanding of the life history strategies and reproductive modes of ostracod crustaceans.
Introduction
Ostracoda is a large and important class of small bivalved crustaceans. Because ostracods are microscopic (0.2-2 mm), they are not conspicuous; however, they are abundant and diverse in most aquatic ecosystems. There are at least 25,000 extant species, of which around 12,000 have been described (Cohen et al. 2007 ). In addition, ostracods are the most common arthropods in the fossil record because their carapace contains a large amount of calcium carbonate. With abundant fossil records and a broad diversity of extant species, they are excellent specimens for elucidating life history strategies and reproductive modes in crustaceans. Although there has been extensive paleontological research on this group, knowledge of modern species, including their life histories, remains poor (Nakamura 1954 , Hiruta 1980b , Horne 1983 , Cohen & Morin 1990 , Henmi & Okamoto 2002 , Mitome et al. 2007 , Wakayama 2007 .
Philomedidae is a family of ostracod crustaceans that inhabit marine systems globally. Several species of Philomedidae have been reported around Japan (Kajiyama 1912 , Hiruta 1976 , 1980a , Wakayama 2010 , but their life history has not yet been described. Species within this family occur in various localities, and thus are easy to collect. Identification of species and classification of developmental stages, however, remains difficult. Although several studies using rearing experiments have been conducted (e.g., Cohen 1983 , Gerrish & Morin 2008 , they have been limited to the scavenger species collected by bait traps rather than detritus feeders such as Euphilomedes nipponica Hiruta 1976 . E. nipponica is not attracted to bait traps, but it is possible to rear this species without bait in continuously flowing natural seawater (Wakayama & Kanazawa 2014) . On the contrary, Wakayama (2010) reported the presence of several pieces of animal tissue in the gut of Euphilomedes sp., suggesting that their feeding habits may differ from other detritus feeders. Using this information, we were able to sustain E. nipponica fed with a combination of marine fish food (Tetra Marin, Spectrum Brands, Germany) and frozen Artemia brine shrimp for many months. As a result, we were able to make a complete description of the life cycle of E. nip-ponica using specimens reared in the laboratory as well as those collected from monthly samplings.
Materials and Methods
Euphilomedes nipponica were collected from the north breakwater of Akita Port, Japan (39°45′16″N, 140°03′03″E), using a handmade sledge net consisting of a rectangular frame with a toothed cross bar (16 cm height 28 cm width) and a mesh net with a 0.8 mm opening attached to the exit. The sledge net was thrown from the breakwater and dragged along the surface of the sediment for 50 m. This process was repeated approximately three times. The 0.8 mm mesh net allowed fine sand to pass through. Coarse sand, shell fragments, and seaweeds trapped in the mesh net were transferred to containers and transported to the laboratory. Ostracod individuals were sorted from the sediment using an eyedropper under a stereomicroscope. Collections with the sledge net were carried out 10 times between April 2015 to March 2016.
Ostracods were placed in plastic containers of three sizes (diameter: 9.5, 11, and 13 cm; depth: 4.5, 5, and 5.5 cm respectively) depending on the number of collected individuals. The containers were filled with artificial seawater (TetraMarin Salt Pro, Spectrum Brands Inc.) without any filtration or aeration. In addition, as a substitute for the sediment on the seafloor, fine sand was placed in each container to a depth of 1 cm. Water temperature and photoperiod were not controlled. Every 2 to 3 days, ostracod individuals were removed from the sand using a sieve, and were placed in a small dish (6 cm diameter, 2 cm depth) for feeding and observation. Tetra Marin granules and frozen brine shrimp were provided to satiety. Then, ostracods were returned to the plastic containers filled with fresh artificial seawater after removing all food debris attached to the carapace.
The instar stage of collected individuals was determined based on the carapace size of each individual as reported by Hiruta (1980a) , while that of reared individuals was determined by the number of molts. Fifth instar and adult males have a distinctive development of the lateral eyes (Hiruta 1976 (Hiruta , 1980a ; thus, they are easily distinguished from females ( Fig. 1) . We classified individuals into eight groups: 1st (A-5), 2nd (A-4), 3rd (A-3), and 4th (A-2) instars, 5th instar (A-1) males, 5th instar (A-1) females, adult males, and adult females. We measured the carapace length and height of collected individuals to delineate the instar stage. Eight juveniles collected on June 22, 2015 were assumed to be 3rd instars based on their carapace length of 1.07±0.02 mm (n=7; one dead before measurement), which was slightly larger than the 0.93 mm reported by Hiruta (1980a) . We reared these individuals until the subsequent molt to confirm our assessment. All six live individuals molted and reached the 4th instar size (1.27-1.32 mm), confirming our assessment. The carapace length of juveniles collected on July 15 was not measured; these individuals were separated into 3rd and 4th instar groups based on their size using a stereoscopic microscope. The carapace height and length of all individuals collected after August was measured using digital images captured by a USB camera (WRAYCAM-NF 300, Wraymer, Japan) and Image J (NIH open source) analysis software.
In April 2015, we collected 147 adult females (131 of which were brooding eggs held in a brood pouch) and 54 adult males. No juveniles were collected. Sludge mixed in the rearing containers resulted in the death of most individuals after 2 days. Three dead females were dissected and the number of eggs in their brood pouches was examined.
On January 30, 2016, 32 of the 4th and 45 of the 5th instar juveniles were collected. Sex ratio of the 5th instars was skewed to male, with 37 males and 8 females. To clarify whether the sex ratio was biased toward males, the 32 4th instar juveniles were reared until the 5th instar stage to discriminate sex.
Forty-four first instar juveniles from three mothers were reared in the same container to document growth between each molt. Molted individuals were identified as being slightly larger than the others, with white and cloudy carapaces. These individuals were measured for carapace length and height, and were then transferred to another container containing individuals of the same instar stage.
Twenty brooding females collected on May 20 were reared in isolation to determine clutch size. After releasing their first broods, we continued to rear four of the females with a large number of offspring to determine whether multiple broods were released, and if so, how many and at what interval. ents a summary of the number of individuals collected on each sampling day, with two individuals that were difficult to classify being included in the 4th instar. Adult males were only collected during March and April, indicating that adult males survive for a shorter period than do adult females. In comparison, adult females were collected from March to August, with most individuals collected between April and July brooding. Thus, females probably stored sperm for use in subsequent broods. Third and 4th instars were first collected in June and July, respectively. However, 5th instars were not collected until January of the following year. Thus, 4th instars collected in July did not molt to the 5th instar stage (remaining as 4th instars) for 6 months. Likewise, 4th instars reared in the laboratory did not molt. With few exceptions, all juveniles collected in October, November, and December were 4th instar. Thus, molting to the 5th instar might pause and resume later due to unknown factors.
Results

Figures
The sex ratio of 5th instars collected in January 2016 was strongly skewed towards males, with 37 males and 8 females. In comparison, the sex ratio of 4th instars reared until they molted to the 5th instar stage was female skewed, with 4 males and 27 females. The sex ratio of 4th and 5th instar juveniles collected in January was almost 1 : 1 (41 males and 35 females). Thus, males transition from the 4th to 5th instar stage earlier than females. Fifth instar females were collected on March 26, but 5th instar males were not; thus, all 5th instar males might have already molted into adults. Our results suggest that males also tend to molt into adults slightly earlier than females. Figure 4 shows the carapace length and height of juveniles (1st to 4th instar) reared in the laboratory. The carapace length and height of different instars never overlapped. However, the reared 4th instars individuals were considerably smaller than the same instar stage collected from the field ( Table 2) .
Three females released 19, 11, and 14 1st instars on April 10, 11, and 12, 2015, respectively. Thirty-one out of the 44 1st instars molted to 2nd instars successfully between April 24 and 29. Sixteen of these 2nd instars molted to 3rd between May 6 and 16. Twelve of these 3rd instars molted to 4th instars between May 21 and 31. Molting to the 5th instar stage did not occur, with these 12 remaining as 4th instars after 2 months. About 50 days were required for 1st instars released from females to develop into the 4th instar stage, with each instar lasting about 15-17 days.
Twenty brooding females collected on May 20 were reared separately to determine clutch size (Table 3 ). The average number of offspring per brood was 32.9±7.4 individuals. Four highly fecund females (i.e., producing a large number of offspring) were monitored after the first brood. In all four cases, a second brood was produced; however, only 6, 20, 5, and 1 offspring were produced, which was much smaller than the number of individuals produced in the first brood. Three females died after the second brood was released; however, one female produced a further 20 offspring in a third brood. The period between the release of the first and second broods was 24-25 days, while that between the second and third broods was 22 days.
Three females collected in April were dissected after they died, and the number of eggs in their brood pouches was examined. Two females had 39 eggs and the third had 47 eggs. Table 2 . Carapace length and height of the reared and collected individuals compared to reports of Hiruta (1976 Hiruta ( , 1980a 
Discussion
Euphilomedes nipponica has a life cycle in which one generation is produced each year, with distinctly seasonal instar stages (see Fig. 5 ). Females were able to produce multiple broods (up to four broods), releasing up to 120 offspring in total. Some species that produce one or more generations per year survive the winter months in a dormant form with a latent period (Nakamura 1954 , Horn 1983 , Cohen and Morin 1990 , Mitome et al. 2007 ). Such overwintering individuals exhibit no development. In E. nipponica, the 4th instar did not molt for a long time; however, 4th instars appeared from July to January. Therefore, they may not be wintering individuals. In the laboratory, we observed individuals eating bait and actively crawling during the winter months. Yet, the prolonged 4th instar stage seems to be an important aspect of their reproductive strategy. Through delaying the 4th instar stage, individuals of different 1st to 3rd instar stages became aligned during the prolonged 4th instar. As a result, all individuals became adults in the same short period the following spring. A few species show little or no seasonality in their population dynamics, reproducing at any time of the year. If E. nipponica did not have a prolonged 4th instar stage, adults would appear throughout the year, leading to the loss of seasonality. Temperature variation might delay molting; however, species occupying habitat with low temperature fluctuations might not show any seasonality. For example, Baker (1977) reported the presence of ovigerous females of Euphilomedes producta throughout the year. This ostracod inhabits the seabed at a depth of 60 m, with a narrow water temperature range (9.8 to 12.9°C). Geographic variation in seasonality might occur in the myodocopid Philomedes brenda, which produces broods seasonally near Sweden; however, broods might be produced year-round in Arctic populations (Skogsberg, 1920 , Elofson 1941 .
Euphilomedes nipponica has six instar stages with highly conserved size ranges (Figs. 2, 3 ). This finding is consistent with that reported by Hiruta (1976 Hiruta ( , 1980a . The carapace size of E. nipponica collected from Akita (Japan) was slightly larger than that of individuals collected from Hokkaido (Japan) for all instar stages, except for the 3rd instars collected from the sea and the 4th instars reared in the laboratory (Table 2 ). Third instars collected from Akita were considerably larger than those collected from Hokkaido. The opening of the mesh attached to the sledge net was 0.8 mm; thus, most small juveniles would have passed through the mesh. The height of collected individuals classified as 3rd instars was 0.80-0.85 mm. The carapace height of individuals captured in Hokkaido was 0.69 mm; thus, only large individuals with a carapace length exceeding (not average) 0.8 mm were captured by the mesh. Only reared 4th instars were considerably smaller than individuals of the same instar stage collected from the waters of Akita and Hokkaido. The foraging material of this ostracod in the field is not known. In the laboratory, we fed reared individuals with fish food and brine shrimp; thus, these materials might have influenced carapace size.
Most adult females collected from the sea in April, May, As a result, all individuals become adults in the same short period the following spring. June, and July were brooding (Table 1) . These four broods might correspond to the first to fourth broods because the intervals between each brood were about 1 month in the laboratory. Furthermore, females collected on May 20 and subsequently maintained in isolation in the laboratory produced second and third broods. If the brood collected in May was the second brood, the females might have produced the third and fourth broods in the laboratory. Because males were not collected after May, females probably produced the second to fourth broods without reexposure to males, i.e., they were able to store spermatophores. Male myodocopid ostracods are believed to deposit spermatophores on the genital opening of females. Spermatophores attached to female genitalia have been illustrated in Spinacopia sandersi (Kornicker 1969) . Okada and Kato (1949) described copulation and spermatophore deposition for Vargula hilgendorfii. Gerrish & Morin (2008) suggested that females are able to store sperm, because female Vargula annecohenae produce multiple broods without re-exposure to males. The longevity of male E. nipponica detected here was similar to that of previously described myodocopid ostracods. The longevity of male Vargula hilgendorfii was reported to be 2 months, but 9 months in wintering individuals (Mitome et al. 2007 ). However, this period is not much different from that of females. In addition, Skogsbergia lerneri males survived 63 days when reared in the laboratory with no apparent difference in the survival of males and females (Cohen 1983) . However, E. nipponica females might have greater longevity than males, producing up to four broods.
Although each brood produced by reared females only contained a small number of eggs, clutch size of collected females was 39-47 and 16-44 in April and May, respectively. Thus, wild individuals produce broods of around 20-40 eggs.
In this study, we successfully reared E. nipponica individuals in the laboratory over a long period of time without circulation and aeration equipment. Only the males of Philomedidae swim (Fage 1933 , Kimberly et al. 2008 ; thus, this species has a low oxygen demand and seems to survive well in the laboratory environment. Nutrition appears to be more important than the physical rearing environment for this species. Previous studies reported that Philomedidae species are detritus feeders; however, we found that E. nipponica readily consumes commercial marine fish food and brine shrimp, making captive rearing possible. Long-term rearing experiments are expected to provide further insights on the life cycle of myodocopid ostracods.
